High-resolution spectra of NiF have been recorded in emission by Fourier transform spectroscopy using a very stable discharge source. The 0-0 bands of 14 electronic transitions have been studied, 6 of them for the first time. This work confirms the presence of 5 low-lying spin components X 3/2 as known from previous laserinduced fluorescence experiments. Eight electronic states are now identified in the 18 000-24 000 cm −1 range above the ground X 2 3/2 state. Electronic assignments for these excited states are not always obvious because of violations of the selection rules and unusual fine structure parameters. We think that some of the upper states are spin components of quartet states. In such a congested spectrum, high-resolution spectra are best analyzed in conjunction with an energy level diagram constructed mainly by dispersed low resolution laser-induced fluorescence. C 2002 Elsevier Science (USA)
I. INTRODUCTION
Numerous papers have been devoted to the study of the electronic structure of NiF. The first studies were concerned with low-resolution (1-3) and high-resolution (4-10) emission spectra. They showed that several low-lying states are involved in the observed transitions, but the nature of these states remained undetermined for a long time. For example, in one study the symmetry of the upper and lower states was switched (4), although the analysis of the rotational structure was correct. Bai and Hilborn (11) performed the first low-resolution study of dispersed laser-induced fluorescence of some of the rotationally analyzed bands in the blue-violet spectral region. They determined the relative position of two low-lying states, which were later revealed to be the [0.83]A Experimental progress provided new information. Highresolution spectra of bands observed in the yellow-green spectral region were recorded and analyzed along with low-resolution dispersed laser-induced fluorescence (6) . Simultaneously Carette et al. (12) proposed a theoretical energy level diagram based on ligand field theory. These studies supplied the first identification of the X 2 3/2 ground state and provided a credible assignment of the doublet electronic states of NiF located in the first 2500 cm −1 of the energy level 1 Present address: Institute for Astrophysics and Planetary Sciences, Ibaraki University, 2-1-1 Bunkyo, Mito, Ibaraki, 310-8512, Japan. 2 To whom correspondence should be addressed. E-mail: bernard.pinchemel @univ-lille1.fr.
diagram. Although the rotational and fine structure parameters of the X (7) (8) (9) . The first analysis of a band involving this state was attempted by Dufour and Pinchemel (9) , who studied the laser-induced fluorescence of a blue band located at 22 703 cm −1 . The [22.9] 2 3/2 upper state was well known (7) and the structure of this band has been interpreted as a [22.9] state. Their work confirms our previous analysis (9) and they derived a spin-rotation constant γ = −0.959722(2) cm −1 and a rotational parameter B = 0.39001617(4) cm −1 . Carette et al. (12) showed that the first excited electronic state of NiF is a mixture of two states [0.67 state are also well known thanks to the analyses of bands recorded by high-resolution laser-excitation spectroscopy (6, 7) , which provides an accurate determination of the wavenumbers of the lines. The [1.5]B 2 + state, however, is involved in transitions recorded at moderate resolution either with a grating spectrograph (5) or by dispersed laser-induced fluorescence using a grating spectrometer (8) .
In Refs. (4) (5) (6) (7) (8) (9) , five upper electronic states have been identified and studied in several transitions involving the lower electronic states. A second set of transitions has also been observed (10) between a common upper state and five lower electronic components, which were not known.
Very recently Chen et al. (14) developed a molecular beam apparatus to study NiF by pulsed-dye laser excitation spectroscopy. The low temperature of the source (less than 100 K) selected only transitions involving the X (16) , who studied most of the bands that we present in our paper. In the discussion section we compare our results with those of Jin et al. (16) .
Up to now the most common technique used to study NiF has been emission spectroscopy using a hollow cathode (4, 5) or a microwave discharge (6) with a grating spectrometer utilized to disperse the light. Some spectra have been recorded by excitation spectroscopy in a Broida oven (7) using a single-mode dye laser. In addition, dispersed laser-induced fluorescence experiments with a grating spectrometer have been successful (8) (9) (10) and led to the measurement of the very large spin rotation parameter in the [0. 25] 2 + electronic state. These diverse experiments provided several sets of constants for the same electronic state, and as already noted, the energy level diagrams associated with the different experiments were not always consistent. Consequently it was of interest to unify this patchwork of data. For this purpose we recorded the spectrum of NiF over the entire visible spectral range by using a high-resolution Fourier transform spectrometer and a very stable emission source. Under these experimental conditions we have reanalyzed most of the already known transitions. In addition, six new electronic transitions have been studied and a new electronic state (20 106 cm −1 ) identified. For all transitions in which the X states are involved, the experimental microwave data published by Tanimoto et al. (13) have been added to the fits.
II. EXPERIMENTAL DETAILS
The emission spectra were recorded with the Bruker IFS 120HR Fourier transform spectrometer at the University of Waterloo (17) . The spectrometer was equipped with a visible quartz beamsplitter and a pair of red and blue pass filters (450-nm red pass and 600-nm blue pass filters from CORION) were used to limit the spectral interval and to block the internal He-Ne laser to improve the signal-to-noise ratio. In total 285 scans at the resolution of 0.05 cm −1 were accumulated for the spectral region between 450 and 600 nm. Because the spectrometer was not evacuated during the measurement, the recorded spectral line positions have to be converted to vacuum wavenumbers (17) . Electronically excited NiF molecules were generated by a D.C. discharge (3000 V, 0.3 A) in a 1-meterlong alumina tube (5 cm diameter), whose central part (50 cm) was externally heated to 930
• C. A few grams of NiF 2 powder was introduced in the middle of the tube and a slow flow of argon maintained a pressure of 5 Torr. An intense blue-white discharge, whose stability was quite sensitive to the partial pressure of NiF 2 , was observed. A 50-cm focal length lens focused the emitted light on the entrance aperture of the spectrometer. After the air-vacuum correction (17) , the calibration was carried out by comparison of standard Ar I atomic lines (18) with the lines observed in our experiments. The calibration factor was 1.000001170 (11) .
One of the previously studied bands (at 17 759 cm −1 ) has been recorded by laser excitation spectroscopy (7) in Lille. This band was too weak to be identified in the emission spectra, but was easily observed by laser excitation. Note that the energy level diagram (Fig. 1 ) has been drawn on the basis of low-resolution of dispersed laser-induced fluorescence. No contradiction has been observed between these laser experiments and the rotational analysis of the bands described hereafter.
III. DESCRIPTION OF THE BANDS
All of the bands have been recorded in a short experimental campaign using the same experimental setup. Nevertheless the quality of the spectra depends on several factors: some bands are seriously overlapped, a few forbidden transitions are very weak, and the presence of strong atomic lines induces noise in some parts of the spectra.
We studied the bands one by one and when all the bands sharing the same upper electronic state were analyzed, they were gathered together and fitted simultaneously. Lines from bands linked to the two lowest states have been combined with microwave data (13) , in order to increase the reliability of the derived parameters.
The energy level expression for the two low-lying 2 + states (251 cm −1 and 1574 cm −1 ) was taken from Ref. (19) . All the other spin-orbit components were fitted with the energy level expression For one state (23 498 cm −1 ) it has been necessary to introduce a phenomenological parameter ±a because the e and f levels have slightly different band origins. We note that Tanimoto et al. (13) did not use exactly the same polynomial expression to account for the rotational energy levels of the X 2 3/2 state, and this contributes to the differences between the two sets of parameters for the ground state.
We will now describe the studied bands. For the sake of clarity the states will be discussed in order of increasing energy of the upper electronic states as they appear in the energy level diagram (Fig. 1 ). We will consider hereafter that the nature of the 5 lower electronic components lying in the first 2500 cm −1 in the energy level diagram is firmly established from previous work, and comments are made only when a problem occurs. The energy level diagram (Fig. 1) includes all the observed transitions either analyzed in this paper or observed at low resolution by recording dispersed laser-induced fluorescence. All the experimental data for the studied bands (v = 0 − v = 0) are collected in Table 1 and the derived parameters are summarized in is proportional to J 3 and is rarely observed in = 5/2 spinorbit components. Nevertheless, there is no doubt that the two states linked by this transition are = 5/2 spin-orbit components for two reasons. First, a dispersed laser-induced fluorescence experiment shows clearly that the first R line has J = 2.5 (Fig. 2) . Second, the upper state is linked to the ground X , has been already studied in a previous paper (7) on the basis of a laser excitation spectrum, the quality of which is equivalent to the emission spectra recorded by Fourier transform spectroscopy. As a consequence it was possible to include lines collected by the two experimental techniques in a simultaneous fit. As usual the microwave data (13) Table 1 to the values published by Jin et al. (15) shows that the J -numbering agrees for the lines of the Q ef branch but differs by 3 units in the Q f e branch. Our assignment is also confirmed by microwave data (13) . However, the symmetry of the [20. transition is so intense that all 6 possible branches were seen. The Q branches can be followed up to J = 52.5. We noted previously that a fine structure splitting was observed in the lower [ 
IV. STUDY OF SOME VIBRATIONAL AND ISOTOPOMERIC BANDS
In addition to the study of 0-0 bands of the main 58 NiF isotopomer, it has been possible to identify some 1-1 and 2-2 bands and two 0-0 bands of the 60 NiF isotopomer. In each case the [0.83]A 2 5/2 state is common to the studied transitions. The bands are generally weak and as a consequence the derived parameters are not very accurate, especially D. The experimental data are listed in Table 3 , the origins of the bands in Table 4 , and the derived parameters in Table 5 . For the upper states the rotational parameters are in agreement with those determined by Jin et al. (16) . 
V. DISCUSSION
The object of our discussion is not to provide an interpretation of the electronic structure of NiF, but to point out some characteristic features and problems, which will have to be solved.
Six new electronic transitions have been analyzed in our work. These analyses confirmed the previous (4-10) description of the 5 electronic states lying in the first 2000 cm −1 in the energy level diagram. If we compare the 2 isovalent molecules NiF and NiCl (17, 19, 20) , the same low-lying electronic states are observed and the ground state is, in both cases, a (13) . This difference results in a small change in the calculated J = 17.5-16.5 transition, which is the highest J value observed in the microwave experiments (13) . However, the highest J transition observed in the present work is J = 75.5, for which the line positions are shifted by 0.13 cm −1 , which is about 10 times larger than the error in our measurements. Correlation between the parameters may also be responsible for part of the shifts in the parameters. Nevertheless, the presence of the microwave data in the fits resulted in a significant improvement in the accuracy of the parameters when compared to the previous studies (4) (5) (6) (7) (8) (9) (10) . For example, the fine structure of the [2.2]A 2 3/2 state is determined for the first time. The determination of a -doubling parameter p is not expected in a 2 3/2 spin-orbit component but rather for a 2 1/2 state (21). This parameter is 30 to 50 times smaller than any of the other values of p determined for other states of NiF. Taking into account the selection rules, it appears to be difficult to change the assignment of the symmetry of this state. The origin of this p parameter is thus likely to be in interactions with close-lying doublet or quartet states (12) .
Our combined fits showed some additional unexpected parameters that appear because of perturbations. For example, a splitting of the lines proportional to J 3 is observed in the P and R branches of the [ (10) while the measured interval is 687.6 cm −1 . Jin et al. (15) suggested that the difference between the two intervals (ω e = 642.08 cm −1 (10) and their value, ω e = 687.6 cm −1 ) is due to a repulsive interaction of two close-lying states. This is in contradiction with our spectrum, recorded by laser excitation spectroscopy, which finds the 1-1 bandhead of the [19. Although it is not a general rule, for some molecules such as GeF and InF (22) , when states of different multiplicity are close-lying, their rotational constants are significantly different. In the case of NiF, Table 1 shows that rotational constants of two upper states are close to 0.385 cm −1 , while for all other states the B values are smaller than 0.379 cm −1 . This difference can be taken as evidence that both quartet and doublets states are present in the 19 700-20 500 cm −1 energy range.
VI. CONCLUSION
The NiF emission was produced by a DC discharge of heated NiF 2 powder in a 1-meter-long alumina tube. Comparison with microwave discharge emission (17) shows that rotational lines are wider (23) but fewer argon atomic lines are emitted. When combined with a Fourier transform spectrometer, this source is very efficient thanks to its stability and longevity. The quality of the recorded spectra provided an improved set of parameters for most of the known states of NiF. The use of pure rotational data (13), when possible, was of great help in breaking the correlation between parameters of the upper and lower states. The low-lying doublet states are now very well determined and can be used to identify other new electronic states. This should be of great help for further studies in spectral regions in which laser experiments are difficult to perform such as the UV work of Gopal et al. (24) .
The presence of excited states with significantly different rotational constants suggests that both doublet and quartet states are involved in the observed transitions. Up to now the nature of the excited states of NiF is not well determined, and further theoretical and experimental work is needed to understand the energy level pattern. Recent studies on the isovalent NiCl molecule (17, 19, 20, 25) should allow useful comparisons.
